The ectomycorrhizal fungus Thelephora ganbajun is an endemic gourmet mushroom in Yunnan province, south-western China. However, despite its widespread consumer appeal, nutritional value and potential ecological role in natural forests, very little is known about its genetics, diversity and ecology. In this study, we investigated DNA sequence variation at the internal transcribed spacer (ITS) regions among 156 specimens collected from 23 sites of nine regions in Yunnan Province. Our analysis identified a total of 34 ITS haplotypes and these haplotypes were clustered into five distinct phylogenetic groups. The evolutionary divergences among these clades are similar to or greater than many known sister species pairs within the genus Thelephora and the closely related genus Tomentella. Among the 34 ITS haplotypes, 22 were represented by one specimen each and the remaining 12 were each shared by two or more specimens. The most common haplotype contained 68 specimens distributed in 21 of the 23 sites, a result consistent with gene flow among geographical populations. However, analysis of molecular variance (AMOVA) revealed low but significant genetic differentiation among local and regional populations. Interestingly, the Mantel test identified that the extent of genetic differentiation was not significantly correlated with geographical distance. Our study revealed significant genetic divergence within Th. ganbajun and limited but detectable gene flow among geographical populations of this endemic ectomycorrhizal gourmet mushroom.
INTRODUCTION
Fungi are important constituents of natural ecosystems. They contribute both positively and negatively to the health of plants, animals and humans. In forest and grassland ecosystems, many fungi can be found and some are collected for human consumption. Many of these fungi form symbiotic associations with plant roots, establishing structures called mycorrhizae. In such associations, the fungal mycelia around the roots help plants obtain essential minerals and water from the soil and can contribute to the plants' disease resistance and drought tolerance (Brundrett, 2004) . Their importance is reflected by the fact that over 80 % of land plants form mycorrhizal associations with fungi. The most noticeable mycorrhizae in natural forests belong to the Basidiomycota because many of them produce conspicuous mushrooms and some are collected as a source of exotic and highly prized food for humans.
Thelephora ganbajun Zang is a gourmet mushroom that forms ectomycorrhizae with pine trees, predominantly Pinus yunnanensis (Zang, 1986 (Zang, , 1987 . The mushroom, called ganba-jun by the locals, and its host trees are highly endemic to Yunnan Province in south-western China. The mature mushroom produces a unique and attractive aroma. As a result, there has been a consistent consumer demand and the mushroom is of increasing economic importance in many regions in Yunnan. At present, freshly collected gan-ba-jun are sold for about RMB Yuan 200 per kilogram. In unit price, gan-ba-jun is comparable to or greater than other well-known gourmet mushrooms such as the da-hong-jun (or big red mushroom), the matsutake mushroom, and the morels and boletus in that region. Because of consumer demand and our inability to cultivate this mushroom artificially, there has been noticeable overexploitation and consequent decline of local populations of this species.
For sustainable utilization and effective conservation of this mushroom, we need to understand its population biology.
However, despite its economic and potential ecological importance, almost nothing is known about its ecology and genetics. Our objective in this study was to examine the patterns of genetic variation of this species from within and between geographical areas. At present, there is no DNA sequence information about this organism in any public database. Therefore, we focused our attention on sequence variation within the internal transcribed spacer (ITS) regions of the nuclear rRNA gene cluster. The ITS regions were chosen because there are universal fungal PCR primers for this region that we could use for amplification and sequencing. In addition, the ITS is among the most commonly used gene regions for analysing relationships among strains within as well as between closely related fungal species (e.g. Chillali et al., 1998; Köljalg et al., 2001; Horton, 2002; Lan & Xu, 2006; Hiremath et al., 2008) . We were specifically interested in addressing the following questions using the ITS sequence data. First, how much variation is there among strains of this species from the same geographical areas? Second, what are the patterns of distribution of specific ITS haplotypes among geographical regions? Third, how are geographical populations related to each other? Is there significant genetic differentiation among geographical populations? If so, is the level of genetic differentiation positively correlated with geographical distances? And fourth, do all specimens of gan-ba-jun from different areas in Yunnan form a single tight cluster within a phylogeny when compared to its closely related species?
METHODS
Sampling. Natural samples of Th. ganbajun were collected from pine forests around Yunnan province in south-western China. These specimens were identified based on their morphological features (Zang, 1986 (Zang, , 1987 . A total of 156 fruiting bodies were collected, processed and stored at 270 uC. These fruiting bodies were collected from 23 sites in nine regions of Yunnan. These regions stretched about 600 km from east to west and about 300 km from south to north. The names of the counties, communities and regional municipalities where the sampling sites were located are shown in Table 1 . Because there were two geographical levels and some of them share the same name, to distinguish them, we denoted the names for the regional populations with capitalization for only the first letter of the entire name and the names for the local populations with capitalization for the first letter in each Chinese word. The geographical coordinates and the sample sizes from each of the sites are also presented in Table 1 . DNames for the local populations are capitalized for the first letter in each Chinese word to distinguish them from the regional populations.
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Isolation of genomic DNA and ITS sequencing. The total fungal DNA was isolated from each Th. ganbajun fruiting body using the CTAB method slightly modified for higher fungi (Xu et al., 1994) . Briefly, the fruiting bodies were thoroughly ground with micropestles and sand in Eppendorf tubes in CTAB buffer. After incubation at 65 uC for 45 min, the samples were extracted twice with an equal volume of chloroform and centrifuged for 10 min at 10 000 g after both extractions. The DNA was precipitated with 2 vols ethanol, stored for at least 8 h at -20 uC, and then precipitated by centrifugation at 10 000 g for 15 min. The pellet was washed with 70 % ethanol, dried and redissolved in 50 ml TE buffer (10 mM Tris/ HCl, pH 8, 1 mM EDTA). An aliquot (2 ml) was run on a 1 % (w/v) agarose gel stained with ethidium bromide for checking the quantity of genomic DNA.
The contiguous ITS1, 5.8S and ITS2 regions were amplified by PCR using primers ITS4 and ITS5 described by White et al. (1990) . The conditions of PCR followed those described by Lan & Xu (2006) . The resulting PCR products were examined on a 1 % (w/v) agarose gel stained with ethidium bromide and fragments of approximately 700 bp were cut out and purified with a Gel Extraction Mini kit (Watson BioTechnologies). For sequencing, an ABI PRISM 3.1 BigDye Terminator kit (Perkin Elmer) was used and the electrophoresis was carried out on an ABI PRISM 3700 Genetic Analyzer according to the manufacturer's instructions. Sequencing was carried out for both strands using the forward and reverse primers.
Data analysis. The complete ITS sequence was assembled for each strain using sequences obtained from both the forward and reverse primers. The sequences were aligned using the CLUSTALW2 multiple alignment program (http://www.ebi.ac.uk/Tools/clustalw2). The aligned sequences were exported to PAUP*4.0b10 (Swofford, 2002) , visually inspected and adjusted by hand when necessary. The ITS unique haplotypes were identified using all aligned nucleotide sites, including the insertions/deletions, using the neighbour-joining method. Strains with the same ITS sequences were identified as belonging to the same ITS haplotype. The haplotype information was then used for the following two types of analyses.
In the first, the ITS haplotype information for each local and regional population was analysed using the computer program GenAlEx6 package (Peakall & Smouse, 2006) to identify (i) the haplotype diversity within each population; (ii) the relationships among local populations; (iii) the relationship between the level of genetic differentiation and geographical separation; and (iv) the contributions of local and regional geographical separations to the overall ITS haplotype variation. Specifically, haplotype diversity and the pairwise population F ST values (a common measure of genetic differentiations; Wright, 1943) were calculated for each individual population and each pair of local populations respectively. The Mantel test (Mantel, 1967) was conducted to examine the relationship between the levels of genetic differentiation and geographical distances. Geographical distances between pairs of local populations were obtained using the geographical latitudinal and longitudinal coordinates. Finally, analysis of molecular variance (AMOVA; Excoffier et al., 1992) was conducted to estimate the relative contributions of local and regional geographical separations to the overall ITS haplotype distribution in Yunnan.
In the second type of test, each unique ITS haplotype sequence was first used as a query to retrieve closely related sequences from GenBank. Our sequences and the retrieved sequences were then aligned using CLUSTALW2. The aligned sequences were visually inspected, adjusted and then analysed using PAUP. In this analysis, because of the inclusion of divergent sequences and the differences in length among the aligned DNA sequences, a large number of gaps (i.e. insertions and deletions) were introduced in the aligned dataset. As a result, we treated the gaps as missing data. A neighbour-joining tree was constructed using the Kimura's two-parameter model. Bootstrap confidence values for individual branches were obtained using 1000 resampled datasets.
RESULTS

ITS sequence variation and haplotype distribution
Using the universal fungal primers ITS4 and ITS5, we successfully amplified the ITS regions (including the entire 5.8S rRNA gene) from all 156 specimens. The ITS sequence for each specimen was confirmed using the forward and reverse primers. The 156 aligned sequences were 671 nucleotides long and contained 138 variable sites. Each of the variable sites contained only two alleles. These variable sites included 35 insertions/deletions, 85 transitional substitutions and 18 transversional substitutions. Among these variable sites, eight were phylogenetically uninformative (i.e. only one strain has a nucleotide different from the remaining 155 strains that shared another nucleotide) and the remaining were phylogenetically informative.
The analyses of the aligned ITS sequences of all 156 specimens identified a total of 34 unique sequence types (or haplotypes). Twelve of the ITS sequence types representing 24 strains in total were found to contain one to three nucleotide positions each that showed evidence of heterozygosity in the sequencing chromatograms. At each of these positions, two alternative bases were found and all were transitional mutations. We found no insertion/deletion mutations or transversional mutations within any of the strains. These heterozygous sites were coded R (for A/G) or Y (for C/T) in our data. Overall, the difference between the 34 ITS sequence types ranged between 1 and 138 bases (out of 671 aligned nucleotide sites). The distributions of these ITS sequence types among the 23 local populations are presented in Table 1 .
Among the 34 ITS sequence types, 22 were represented by one specimen each and the remaining 12 were each shared by two or more specimens. The most common type, haplotype 1, contained 68 specimens that were distributed in 21 of the 23 sites (Table 1) . Similarly, haplotype 7 was also widely distributed -it contained 16 specimens collected from eight local populations (Table 1) . However, the other major shared halpotype, haplotype 8, was more restricted in its geographical distribution. Among the 14 strains with the haplotype 8 ITS sequence, 13 were from PuEr and one was from YuLiang, Kunming. 
Population analyses of the ITS haplotype distribution
With the exception of two local populations (JingLing and AnLing) where only one strain from each location was available and which were not analysed in our population genetics comparison, the remaining 21 local populations containing 154 strains were analysed by the population genetic analysis program GenAlEx 6. Our analyses identified a range of F ST values between pairs of local populations ( Table 2 ). The lowest value (0.021) was found between LuQuan, Kunming, and NanHua, Cixiong, while the highest (0.584) was found between WenXian, Dali, and PuEr city, Pu'er.
Of the total observed haplotype allele frequency variation, the majority was found from within local populations (82.5 %; Table 3 ). Of the remaining 17.5 %, 7.4 % could be attributed to among local populations within regions and 10.1 % could be attributed to among regional populations. The contributions from each of the three sources were significantly greater than 0, indicating statistically significant genetic differentiations among local and regional populations (P,0.01 for PhiRT, PhiPR and PhiPT in the AMOVA tests, Table 3 ). The Mantel test indicated that while there was a slight positive correlation between geographical distances and F ST values (a common measure of genetic differentiation), this correlation was statistically insignificant (P50.09; Fig. 1 ).
Phylogenetic analyses
Based on BLAST searches against the GenBank database, we retrieved a total of 83 ITS sequences with high levels of sequence identity (¢90 %) to our sequences. These 83 retrieved sequences all have associated species identification in the GenBank database, belonging to either the genus Thelephora or Tomentella. It should be pointed out that there were many other ITS sequences (.100) in GenBank with similar levels of sequence identities (~90 %) to ours. However, those sequences were from direct environmental DNA sampling and sequencing and there was no species designation associated with them. Therefore they were not included in the analyses here. Based on an initial phylogenetic analysis of all 83 ITS sequences from GenBank and comparison with our own 34 ITS haplotype sequences, we selected 27 representative GenBank sequences. These 27 sequences were chosen based on their comparable sequence lengths to ours, their phylogenetic positions, and in several cases the availability of two or more strains for the same species. The selections of multiple strains from the same species were to compare the potential divergence within other species to that within Th. ganbajun. In total, the 27 ITS sequences from GenBank represented nine species in the genus Tomentella (T. atramentaria, T. badia, T. pilosa, T. bryophila, T. galzinii, T. viridula, T. subtestacea, T. coerulea and T. sublilacina) and five species in the genus Thelephora (Th. americana, Th. caryophyllea, Th. terrestris, Th. palmata and Th. regularis). Their respective GenBank accession numbers for ITS sequences are shown in Fig. 2 .
Our analyses of the above samples identified five phylogenetically distinct clades for the samples from Yunnan, with bootstrap support all greater than 90 %. Three of these clades (clades 1, 2 and 3 in Fig. 2 ) contained multiple ITS haplotypes each while the remaining two clades contained only one haplotype each. Specifically, clade 1 contained eight ITS haplotypes represented by 22 strains; clade 2 contained six haplotypes represented by 20 strains; and clade 3 contained 18 haplotypes represented by 106 strains. Each of the three clades had a bootstrap support of over 90 %. In addition to these three clades, there were two additional divergent Th. ganbajun haplotypes, haplotype 3 (represented by two strains) and haplotype 34 (represented by four strains). Our analyses revealed that strains in clades 1, 2 and 3, as well as haplotype 3, showed closer evolutionary relationships to representative species from the genus Tomentella than to those from the genus Thelephora. In contrast, haplotype 34 was more similar to ITS sequences of species in the genus Thelephora, specifically Th. palmata and Th. regularis.
DISCUSSION
In this study, we analysed the ITS sequences of 156 strains of the endemic gourmet mushroom Th. ganbajun from Yunnan, south-western China. The strains were collected from 23 sites distributed in nine geographical regions that spanned an area of over 600 km from east to west and 300 km from south to north. Our analyses identified a large number of ITS sequence types. Both local and regional geographical separations contributed significantly to the observed ITS haplotype variation. The phylogenetic results suggested that the analysed samples probably contained five distinct cryptic species.
In our population samples, a few haplotypes, predominantly haplotype 1, were found distributed in multiple geographical areas (Table 1) 
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Microbiology 154 be 2.225 and that among local populations within regions is 3.128. However, the gene flow has not obscured a statistically significant genetic differentiation among local and regional populations. Similar evidence for gene flow has been found in many basidiomycete mushrooms (e.g. James et al., 1999; Xu et al., 2005) . For example, in natural populations of the button mushroom Agaricus bisporus, the sharing of certain genotypes was found for strains from different regions, countries and even continents (Xu et al., 1997 (Xu et al., , 1998 . Because those genotypes were identical or very similar to cultivated strains, it was suggested that humanaided dispersal was responsible for such long-distance gene flow in A. bisporus. However, for most other microbial species, the mechanisms of dispersal are largely unknown. For example, in a recent study of the ectomycorrhizal mushroom Tricholoma matsutake from south-western China, evidence for gene flow was also found between populations as far as 2000 km from each other (Xu et al., 2007 . In these studies, it has been commonly hypothesized that wind-aided dispersal of sexual basidiospores was probably responsible for the observed gene flow. A similar process could account for the wide distribution of haplotype 1 in our samples and for the gene flow detected among local and regional populations.
While evidence for dispersal has been found in Th. ganbajun, our population genetic analyses also suggest that, overall, gene flow was somewhat limited and there was low but significant genetic differentiation at both the local (~7 %) and regional (~10 %) levels (Tables 2 and 3) . Interestingly, the result of low but significant genetic differentiation in Th. ganbajun is similar to what has been reported in many other fungal species (e.g. James et al., 1999; Xu et al., 2005 Xu et al., , 2008 . For example, the two species mentioned above, A. bisporus and Tr. matsutake, had F ST values very similar to that reported here (Xu et al., 1997 . For A. bisporus, two distinct elements were found in many natural environments: one cultivar-like and the other mostly native (Xu et al., 1997 (Xu et al., , 1998 . While the cultivarlike elements showed no genetic differentiation (see above discussion), the native elements were significantly differentiated among the regional and continental populations (Xu et al., 1997 (Xu et al., , 1998 . The significant genetic differentiation among local and regional populations of Th. ganbajun suggests that many local populations might contain distinct genetic elements, a conclusion supported by the observation that a large number of unique ITS haplotypes were found in only one of the sampled areas (Table 1 ). Because our sample sizes are relatively small for several sites, it is possible that more ITS haplotypes might be found if more extensive sampling were conducted and that wider distributions of some of these unique haplotypes might be revealed. Nevertheless, our analyses of the 156 samples analysed here strongly suggest that care should be taken to conserve individual local populations to maintain the genetic diversity of this species in nature. If populations are overexploited, many of the unique local genetic elements could be permanently lost.
Our phylogenetic analysis identified several distinct clades within the morphological species Th. ganbajun. Based on the amount of divergence among these clades, each clade Biodiversity of the gourmet mushroom Thelephora ganbajun might represent a distinct cryptic species. Specifically, the amount of ITS sequence divergence as reflected by branch lengths among clades 1, 2 and 3 was similar to or greater than that between many known sister species pairs found in either Tomentella or Thelephora (Fig. 2) . Similarly, haplotypes 3 and 34 might also represent different species. Recent gene genealogical studies have shown that many fungal species are in fact species complexes, with each Fig. 2 . A neighbour-joining tree of the ITS sequences of 34 haplotypes of Th. ganbajun and representative sequences from species of the genera Tomentella and Thelephora. For each ITS haplotype of gan-ba-jun (GBJ), the first number represents the haplotype assignment corresponding to those in Table 1 ; the second number represents the total number of strains (out of 156) belonging to the specific haplotype. The 27 reference strains are each represented by their GenBank accession number, the genus abbreviation (T for Tomentella and Th for Thelephora), the species name and when multiple strains from the same species were available, the strain code (1, 2, 3 or 4). Numbers across branches are bootstrap values greater than 90 % obtained from 1000 replicates. Gaps were treated as missing data. Branch lengths are proportional to the amount of sequence divergence. Tree length, 670; consistency index, 0.610; retention index, 0.882.
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containing more than one phylogenetically distinct, cryptic species (e.g. Taylor et al., 2000; Pujol et al., 2005; Xu et al., 2005) . To determine whether the clades and genotypes identified here for Th. ganbajun are indeed phylogenetically distinct species, genealogical analyses using multiple genes from other genomic regions are needed. If congruent genealogical patterns of strain relationships were found for genes from different genomic regions, formal separation of Th. ganbajun into different species would be warranted (Taylor et al., 2000; Moncalvo, 2005 Therefore, we were unable to obtain the material for DNA isolation and sequencing from the type specimen. However, the type specimen was collected from the same geographical region and ecological conditions as the four strains belonging to haplotype 34, in PuEr (Zang, 1986 (Zang, , 1987 . Therefore, the type specimen might contain the same ITS sequence as that of haplotype 34, more similar to sequences from the majority species in the genus Thelephora than to those from Tomentella.
If the above hypothesis were true, that only four of the 156 specimens collected from only one geographical region belong to the species Th. ganbajun, then the majority of the collected and consumed 'gan-ba-jun' in Yunnan probably belong to one or several new species, in a different genus, Tomentella. Morphologically, Thelephora and Tomentella are very similar, and difficult to distinguish. The defining morphological criteria (established based on materials from Europe) indicated that species of Tomentella have very short fruiting bodies close to the substrate while Thelephora has more pronounced fruiting bodies (Zang, 1986 (Zang, , 1987 . However, all the 156 specimens analysed here had similarly sized, pronounced fruiting bodies.
That using the size and growth morphology of fruiting bodies to separate specimens into Tomentella and Thelephora is not adequate is supported by our analyses of representative sequences from other species in these two genera. Specifically, our preliminary analyses of the 34 ITS haplotypes from our study and the 27 representative sequences from GenBank indicated that neither Tomentella nor Thelephora is a monophyletic group ( Fig. 2; e.g. see Tometella sublilacina clustering with species in Thelephora). Similar findings have been reported in several recent studies on Tomentella/Thelephora using ITS sequences (Haug et al., 2005; Taylor & McCormick, 2008) . More detailed taxonomic investigations of their microscopic and macroscopic features coupled with the analyses of multiple additional genes from more species are needed to resolve these taxonomic issues.
In conclusion, this study has revealed extensive ITS sequence variation within and among populations of the gourmet ectomycorrhizal mushroom gan-ba-jun. Our study identified evidence for gene flow and low but significant genetic differentiation among local and regional populations of this species in its endemic range in southwestern China. Furthermore, several distinct clades were revealed within this species and our analyses suggested that these clades probably corresponded to distinct phylogenetic species. We have discussed the taxonomic and conservation implications of our results and we suggest that analyses of DNA sequences of more genes from different genomic regions as well as more species are needed in order to resolve the taxonomic issues related to gan-ba-jun.
